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ANALYSIS OF A COUPLED ROLL-SPIRAL-MODE, PILOT-INDUCED
OSCILLATION EXPERIENCED WITH THE M2-F2 LIFTING BODY

Robert W. Kempel
Flight Research Center

SUMMARY

During the 16 glide flights of the M2-F2 lifting body vehicle, severe lateral pilot-
induced oscillations occurred on three occasions in the low-angle-of-attack, final ap-
proach, preflare situation. The in-flight pilot-induced oscillations were studied
qualitatively, using flight recorded time histories and pilot comments concerning each
of the maneuvers. To determine the root cause of the oscillations, a systems analysis
was performed using the predicted aerodynamic stability and control derivatives at the
conditions at which the pilot-induced oscillation of flight 16 occurred. These studies
were complemented by a piloted six-degree -of -freedom simulator study, which
verified the results.

The systems analysis with the pilot in the loop related the preflare, low-angle-of-
attack, pilot-induced-oscillation tendencies to the formation of a coupled roll-spiral
mode which caused the pilots to generate a closed-loop lateral instability. Coordinated
use of rudders aggravated the instability. The formation of the coupled roll-spiral
mode was attributed to the large effective dihedral, operation in the negative angle-of-
attack region, large positive yawing moment due to roll rate, low natural roll damping,
and large adverse yawing moment due to aileron deflection.

The M2-F2 vehicle was modified with a fixed center fin and was redesignated the M2-
F3. The center-fin modification greatly improved the aileron control characteristics
and lateral handling qualities in the low-angle-of-attack, preflare region. A systems
analysis and a piloted simulator study of the M2-F3 characteristics indicated that the
modified configuration would improve lateral handling qualities. This was confirmed
in flight.

The results of this study are in general agreement with the results of other ground
and in-flight simulation and theoretical analysis of coupled roll-spiral mode handling
qualities.

INTRODUCTION

During the 16 glide flights of the M2-F2 flight-test program, the pilot—vehicle
combination experienced severe lateral divergent oscillations on three occasions. The
oscillation on the last flight contributed to a gear-up landing in which the vehicle was



extensively damaged. Each of the three oscillations occurred when the pilots were at-
tempting to control bank angle closely at angles of attack below zero, and each oscilla-
tion was aggravated by attempts to coordinate aileron control with the rudders.

Reference 1 summarizes, qualitatively, the overall lateral-directional and longi-
tudinal stability and control characteristics of the M2-F2 vehicle for the 16 glide flights.
However, dynamic-stability problems involving a pilot—airframe combination cannot
be analyzed by considering only a few major static parameters. A systems analysis of
the transfer functions involved is required to determine the cause of dynamic-stability
problems. The problem of pilot—vehicle combination instability is generally referred
to as a pilot-induced oscillation, or PIO. References 2 and 3 treat this subject in de-
tail.

This report identifies the M2 -F2 stability and control problem by means of a sys-
tems analysis, which provides a quantitative understanding of the problem and its im-
plications. The transfer function of primary interest was the bank-angle-to-aileron
deflection. The transfer-function denominator quartic was factored into two second-
order factors rather than the more conventional two first-order factors (roll and spiral
modes) and a quadratic (Dutch roll mode). The combination of the two first-order
factors into a second quadratic has been termed roll-spiral coupling (refs. 4 to 8).
Very little flight data are available on vehicles which display roll-spiral coupling; how-
ever, reference 4 presents the results of an in-flight investigation of this phenomenon
utilizing a variable-stability T-33 aircraft. Other investigators (refs. 5 to 8) limited
their analysis to mathematical approaches or simulator studies, or both. In general,
these investigators concluded that a vehicle with roll-spiral-coupling characteristics
also has degraded lateral handling characteristics.

SYMBOLS

Physical quantities in this report are given in the International System of Units
(SI) and parenthetically in U.S. Customary Units. The measurements were taken in
U.S. Customary Units. Factors relating the two systems are presented in reference 9.

A...G coefficients of transfer -function denominator or numerator
a, normal acceleration, g units
b reference span, m (ft)
C lift coefficient Lift

L > gS
C ] rolling-moment coefficient

aC;

C roll -damping derivative, , rad~!

! pb

p o(5%)



oC
rolling moment due to yaw rate, —Z——, rad
o)

2V

effective dihedral derivative, ——, deg

SCZ

aileron-effectiveness derivative, T deg_1
a

oCp

rolling moment due to rudder deflection, B deg'1
r

Yawing moment

yawing -moment coefficient,

qSb
aCp
yawing moment due to roll rate, —=—=, rad L
o(3v)
2v
oC,
. . . -1
yaw- damping derivative, b\’ rad
o(z%)
aCp, 1
directional -stability derivative, 3[?—’ deg™
aoC

yawing moment due to aileron deflection, F deg_1
a

oCn

rudder -effectiveness derivative, 55 deg_1
T

side -force coefficient, _S_uiLquor_cg_
Cy 1
side-force derivative, B deg™
&Cy 1
side force due to aileron deflection, 5 deg
a
oC
Y -1

side force due to rudder deflection, 5 deg
r

mean aerodynamic chord, m (ft)

acceleration due to gravity, 9.8 m/sec? (32.2 ft/secz)



altitude, m (ft)

vehicle moments of 1nert1a about the X- and Z-body axes,
respectively, kg-m?2 (slug-ft2)

product of inertia, kg-m?2 (slug-ft2)
imaginary part of Laplace transform variable, rad/sec

(‘SrK
interconnect ratio, _F—I’ deg/deg

pilot roll gain, ratio of aileron deflection to bank angle error

roll-damper gain, deg/deg/sec
yaw-damper gain, deg/deg/sec

airframe gain
dimensionalized roll -damping derivative 950 Clp’ sec
X

2
98" 6, sec]

dimensionalized rolling moment due to yaw rate,
ZVIX r

dimensionalized effective dihedral derivative, %SDCZB’ sec 2
X

dimensionalized aileron-effectiveness derivative, LC16 » Sec 2

dimensionalized rolling moment due to rudder deflection,
9&016 , sec™2

Mach number

mass, kg (slugs)

qu2
2Viy,

dimensionalized yawing moment due to roll rate, Cn. > Sec—1

p’

qu2

dimensionalized yaw damping, z‘\TCnr’ sec™1
Z



< < <

< WS
I
N

dimensionalized directional -stability derivative, ISb C, g sec 2
Z
dimensionalized yawing moment due to aileron deflection,
qSb -2
I, Cnéa, sec
dimensionalized rudder -effectiveness derivative, %&Cné , sec 2
Z r

bank-angle-to-aileron transfer-function numerator

period of transient oscillation, sec

rolling angular rate, deg/sec

dynamic pressure, N/m? (Ib/t2)

yawing angular rate, deg/sec

reference planform area, m?2 (ftz)

Laplace transform variable, o+ jw, rad/sec
time, sec

true airspeed, m/sec (ft/sec)

indicated airspeed, knots

weight, kg (1b)

vehicle forward, transverse, and vertical body axes, respectively
generalized transfer function

dimensionalized side -force derivative, —(QCY , sec"1
mV B

S
dimensionalized side force due to aileron, s Cys » sec™1
mV "1,

S -
dimensionalized side force due to rudder, a5 Cys » sec 1
mV Op

angle of attack, deg
angle of sideslip, deg

transfer-function denominator



Subscripts:

SAS

wo

aileron deflection, deg

pilot's lateral-stick deflection, deg of 0,
pilot's rudder-pedal deflection, deg of 0,
rudder deflection, deg

damping ratio of second-order response

real part of Laplace transform variable, rad/sec
time constant, sec

angle of bank, deg

absolute ratio of bank angle to sideslip angle
frequency, rad/sec
undamped natural frequency of Dutch roll mode, rad/sec

undamped natural frequency of coupled roll-spiral mode, rad/sec

input signal

Dutch roll mode

effective

interconnect ratio
undamped natural frequency
pilot

roll SAS

roll mode

coupled roll-spiral mode

yaw SAS
spiral mode
stability augmentation system

total

washout



€ error signal
® bank-angle transfer-function numerator parameter
0 initial condition
A primed quantity denotes a closed-loop transfer -function parameter. A dot over
a quantity denotes the first derivative with respect to time.

VEHICLE DESCRIPTION

M2-F2 vehicle. — The M2-F2 vehicle (figs. 1(a) to 1(d)) was a single-place lifting
body configuration with a relatively conventional fighter aircraft type of cockpit

(a) Side view.

(b) Front view. E-14338 (c) Rear view.

Figure 1. M2-F2 vehicle.

E-14350
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(b) Left-hand console. E-14630
Figure 2. Concluded.

Aerodynamic control was provided by upper elevon flaps, a lower flap, and
rudders. The rudder surfaces operate about a 5° flared condition. The upper elevon
flaps provided coarse longitudinal trim and deflected differentially (aileron deflection)
to provide roll control. Roll control was augmented by means of a mechanical aileron-
to-rudder interconnect; that is, the rudders were deflected proportionally to aileron
deflection. The interconnect-ratio changer was on the pilot's left-hand console
(fig. 2(b)). The ratio of aileron-to-rudder deflection could be selected from zero to
1.25; however, it was generally set at approximately 0. 5.

The surfaces were actuated by hydraulic systems that accepted commands from
both the pilot and the stability augmentation system (SAS). Stick and pedal -force feel
were provided the pilot by coil -spring bungees which produced a force proportional to
stick or rudder-pedal position (table 2).

A simple three-axis rate feedback stability augmentation system (fig. 3) provided
damping augmentation about all three axes. The feedback signals were provided by
conventional rate gyros. SAS gains were selected by the pilot and were fixed unless
he manually changed the switch position. The SAS control parel was on the pilot's left-
hand console (fig. 2(b)). The roll and yaw rate signals were fed back to mechanical
actuators which actuated the aileron and rudder, respectively. The roll and yaw
signals were modified by a high-pass filter, that is, a washout filter. The purpose of
the washout filter was to cancel damper signals to the control surfaces when the angular



rates approached steady states. The washout filter was used to improve the vehicle's
handling qualities during turn maneuvers. The washout time constant, Twor Was

1.75 seconds. Without the washout filter, the vehicle tended to be very sluggish.
Reference 10 presents additional information on the flight control system.

Rate gyro
washoutand [
structural fiiter

A

‘ KPSAS

Lateral stick_ ~ Lateral [

directional [ ¢

Actuator

Lateral-directional
commands Pilot

vehicle =8
dynamics r

Rudder pedals _

Rate gyro -t
washout ana
structural filter

KrSAS —~

Figure 3. Block diagram of M2-F2 lateral-directional flight control system.

Basic cockpit instrument displays of airspeed, altitude, angle of attack, angle of
sideslip, normal acceleration, and control-surface positions were provided (figs. 2(a)
and 2(b)). After flight 13, a three-axis attitude indicator was installed in place of the
sideslip indicator shown in figure 2(a). Sideslip was then displayed on the vertical
needle of this instrument.

The pilot's stick and rudder -pedal characteristics are presented in table 2, to-
gether with surface rate limits. Corresponding control-surface deflections and SAS
authorities are presented in table 1.

M2-F3 vehicle, - After the M2-F2 landing accident, the vehicle was rebuilt and
modified and was designated the M2-F3, The modified vehicle incorporates a fixed
center dorsal fin (fig. 4).

INSTRUMENTATION

Standard sensors were used to determine all flight quantities of interest. Data
were acquired by means of a pulse code modulation telemetry system with digital
recording on standard magnetic tape at the ground station. The sampling rate was
200 per second. Accuracies of recorded quantities are estimated to be within 2 per-
cent of the full -scale system (table 3). Bank-angle measurements beyond +45° were
generally inaccurate because of the nonlinear output of the attitude gyro.
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E-21534

Figure 4. Rear view of the M2-F3 vehicle.

FLIGHT TESTS

Test Methods

After the M2-F2 lifting body was launched from a B-52 airplane at about
13,716 meters (45,000 feet) altitude and a Mach number of about 0. 6, flight-test
maneuvers were performed during gliding descent to assess the stability, control, and
handling characteristics of the vehicle. Pilot ratings of the handling qualities of the
vehicle, based on a modified Cooper (ref. 11) rating scale (table 4), were obtained
immediately after each flight. The pilots were thoroughly familiar with the desired
flight plan and the predicted handling qualities of the vehicle as a result of practicing
on a complete six -degree-vf-freedom, fixed-base simulator with instruments similar
to those of the actual flight vehicle. An attitude indicator provided basic attitude in-
formation. Upsets such as turbulence and cross winds were not included in the simu-
lation.

Flight Envelope

A typical M2-F2 ground track is shown in figure 5. Figure 6 is a time history of
a typical M2~F2 glide flight. Indicated airspeeds ranged from about 165 knots at launch
to 310 knots prior to the flare and landing. Landing touchdowns were made at velocities
as low as 155 knots indicated airspeed. The maximum Mach number was approximately
0.70, and the maximum dynamic pressure was approximately 14, 840 newtons/meter
(310 pounds/footz). Angles of attack from 16° to -5° were flown, and normal

11
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Figure 5. Typical M2-F2 ground track.
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Figure 6. Time history of a typical glide flight of the M2-F2 vehicle.



accelerations as high as 2g were reached. Turn maneuvers were made with bank
angles of 60° or less; however, bank angles in excess of +100° were encountered during
inadvertent roll oscillations.

Figure 7 is a typical M2-F2 flare and landing profile. The approach and landing tech-
nique used for unpowered landings required that a relatively high airspeed (approximately
300 knots) be maintained until the flare altitude of 305 meters (1000 feet) above ground
level was reached. At this altitude, approximately a 1.5g flareout was initiated to
bring the vehicle to near-level flight at 30.5 meters (100 feet) altitude. Once the vehicle
was at flare conditions, deceleration was rapid because of the high drag of this configu-
ration. To maintain an indicated airspeed of 300 knots, it was necessary to operate
in the zero to -3° angle-of-attack range because Cp, =0 occurred at o = -6° and

maximum lift-to-drag ratio at o~ 6°.

10x102
I Constant airspeed 3x103
~ 300 knots 1
8
!
|
6}~ —2
Altitude Preflare aim point " Altitude
above (0. 5-nautical-mile marker) above
ground, 4 ‘ ground,
m - 1 Touchdown ft
|
Flare initiation —/ : | -1
Extend |
2 [ . \
| landing gear ‘
. ‘ |
| } |
: i
0 | | I Jo
0 .5 1.0 1.5 2.0

Distance along lakebed runway, n. mi.

Figure 7. Tvpical M2-F2 flare and landing profile.

RESULTS AND DISCUSSION

Data from M2-F2 flights 1, 10, and 16, on which severe lateral divergent oscil -
lations occurred, were analyzed qualitatively on the basis of flight time histories and
corresponding pilot comments and pilot ratings. Observations are presented concerning
the similarity of each of the divergent maneuvers, that is, the method of control used
prior to and during the maneuvers, and recovery from the maneuvers. A systems
analysis was made to determine the root cause of the PIO problem and its implications.
To complement this analysis a piloted six -degree-of-freedom simulator was used to
verify and correlate the quantitative results. A similar analysis of a proposed modi-
fication to the basic M2-F2 airframe was made to assess the suitability of the proposed
"fix. "



M2-F2 Lateral Controllability

Flight. — Figures 8(a) and 8(b) are flight time histories of the PIO which occurred
during a turn and pushover to the final approach on the first flight of the M2-F2 vehicle.
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(a) Pilot’s input and vehicle response.
Figure 8. Time history of pilot-induced lateral-directional oscillation on M2-F2 flight 1. M =0.48; h = 2830 m
(9275 ft) to 1678 m (5500 ft); Kp =0.6;, K, =0.6.
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Figure 8. Concluded.

The pilot commented: "I tried to start a turn, but I had the interconnect ratio down
about 0.4, and it just didn't seem like I was getting anything. $So I cranked it back up
to 0.6 and got the turn started; I used a little rudder to get it started. Then during the
pushover I got into this lateral -directional thing [oscillation]. It's just much too sensi-
tive at this interconnect ratio at the low angles of attack. Every time I would push
over, I would be right in it. So, again, as soon as I got into it I thought, well, I'll
crank the interconnect ratio down. I started cranking, but at this time I was cranking
the wrong way and as it got worse I kept cranking and finally looked down and I had an
excess of 1.0. Bank angles were in excess of 90° at a fairly high rate from one side

to the other. When I noticed how high I had gone on interconnect ratio, I cranked it back
down and let go of the stick, and the airplane took over and it damped out very readily
after that."

The PIO on this maneuver was attributed to a high interconnect ratio. However,
figure 8 shows that a divergence developed before the pilot actuated the interconnect.
As a left bank angle of approximately 20° was approached, at angles of attack below
zero, a relatively large left aileron and rudder input was commanded, followed
immediately by a larger right aileron and rudder input. At this point the PIO was
fully developed and was sustained through four cycles. Although the interconnect was
at a relatively high setting initially, 0.8, this control was actuated by the pilot after
the PIO started. Figure 9 presents the simulator-determined interconnect versus
angle-of-attack control boundaries (ref. 1). Although a PIO boundary was indicated,
no attempt was made to specifically identify the cause of the PIO problem.

15
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Figure 9. M2-F2 simulator-predicted regions of basic M2-F2 lateral-control problems as function of angle of
attack and aileron-to-rudder interconnect ratio. M = 0.4.

Figures 10(a) and 10(b) are flight time histories of the PIO which occurred after
an attempted dampers -off aileron pulse on the tenth glide flight of the M2-F2 vehicle.
The pilot comments were: '"I'd like to make a note here and a general comment about
this second leg where the pushover and aileron pulse at zero degree angle of attack
were accomplished. In the pushover, in an attempt to stabilize at zero degree alpha,
considerable pilot attention is required to get to the desired longitudinal and lateral -
directional conditions. Small Dutch roll oscillations are apparent. During recovery
from the aileron pulse maneuver with roll and yaw dampers on, attempts were made
to reduce the left roll, both the bank angle and the roll rate. An immediate roll PIO
developed and continued through three cycles. Iwas already in the left bank or left
roll because of the aileron pulse and it [the vehicle] went immediately to the right,
back to the left, and then to the right. The divergent roll and yaw was stopped only by
releasing all controls, followed by back stick to increase alpha; thereafter, the vehicle
settled down well and I was able to recover. I think it was more my input that caused
the thing than anything else. It was obvious that I was trying to damp it out, and you
just can't stay with it. The only suggestion I have, as far as anybody flying it is con-
cerned and when we do this again, is to go ahead and turn the dampers back on but con-
centrate more on staying off the controls until things are damped out and then recover
from that position. Put in pitch control first, no matter what your bank angle is."

Figure 10 shows that the initial roll rate and bank angle were to the left at the
time the aileron was pulsed to the left. The pilot thought that he had to recover from
the divergent roll maneuver; however, an immediate PIO resulted. Control was re-
gained only after angle of attack was increased and pilot control activity was relaxed.
The overall maneuver was rated 4, longitudinal control was rated 3, and lateral -
directional control was rated 5.

16
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Figures 11(a) and 11(b) are flight time histories of the PIO which occurred at the
rollout of the turn to final approach as the bank angle became zero on the sixteenth, and
last, flight of the M2-F2 vehicle. Even though control was regained, this oscillation
and other distractions contributed to a gear-up landing in which the vehicle was ex-
tensively damaged. The pilot comments concerning this maneuver were: "I started
to turn in and, as calied out ahead of time, had elected to land somewhat across run-
way 18 rather than down 18 to take out a little bit of the crosswind. I still had this plan
in mind and turned in about the second line from the west on 18, knowing that the winds
were going to blow me to the east a little bit, and then planned on angling across the
lines and being on the lines for my landing, to use those for a landing reference. I was
well on my descent and picking up speed at very low angle of attack. In the final ap-
proach, as I went into the final turn, I wasn't getting the turn rate that I wanted so I
turned the interconnect up to 0.45 and then continued the turn. I was well established
in my glide, very low angle of attack, picking up my airspeed, and had the feeling that
I would land just slightly short of the 2-mile point angling across the runway. Every-
thing was going normally with no problems, then suddenly at 5000 to 7000 feet, with no
warning at all, I experienced very high roll accelerations as a divergent Dutch roll type
of maneuver developed. Roll rates were extremely high and, from experience with high
roll rate maneuvers in the F-100, I would say rates in excess of 220 degrees per sec-
ond. This maneuver was disorienting, and I pulled back on the stick to increase angle
of attack, trying to damp it out. The first thing that entered my mind was that the
interconnect was too high so, as soon as I was able to get hold of the situation, I checked
my interconnect; it was 0.45, about where I wanted it. The corrective action of pulling
back on the stick damped out the maneuver. "

From figure 11 it can be seen that the vehicle appeared to be rolling out of the turn
in a normal manner at time zero. As the vehicle rolls to the right through approximately
20° left bank angle, the pilot commands left aileron input in anticipation of reaching a
"wings level" attitude. The vehicle continues to roll through zero bank angle very
slightly to the right and begins to roll back to the left. In an attempt to maintain zero
degree bank angle, the pilot counters with right stick and a small coordinated rudder in-
put. The vehicle responds to this command as it begins to roll back to the right. The
pilot again attempts to maintain ""wings level" with a larger left stick input (t > 6 sec),
followed again by a coordinated rudder input. After t~ 7 seconds, both roll rate and
bank angle were diverging, and, as larger coordinated aileron and rudder inputs were
commanded, the PIO developed fully and was sustained for approximately 9 seconds.
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Figure 11. Time history of pilot-induced lateral- dlrectlonal oscillation on M2-F2 flight 16. M = 0.48; h=2620m
(8577 ft); V =159.5 m/sec (523 ft[sec); q = 12,100 N/m (253 lb/ftz) K =0.2; K,=04; K;=045.
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Figure 11. Concluded.

The first cycle produced a right bank angle of about 16° and a left bank angle of 6°.
During the second cycle, bank angles of at least 90° right and 120° left were experienced.
(Maximum values were obtained from photographic coverage inasmuch as instrumenta-
tion was not adequate beyond ¢=45°.) In the third cycle bank angles of about 20° right
were reached, and then a near-level attitude was regained as the vehicle was recovered
to stabilized flight. During the oscillation, roll rates greater than 50 degrees per sec-
ond were indicated. Recovery was made in a manner similar to that used to recover
from the PIO experienced in flight 10 (fig. 10), that is, after angle of attack was in-
creased and pilot control was relaxed.

To complete the qualitative analysis of the flight data, the pilot comments from
M2-F2 flight 15 are included. The flight plan was similar to that of the sixteenth flight.
The pilot made the following comments:

"I pushed on over for the first [ longitudinal] pulse, and, when I got down around
5° angle of attack, I could detect a lateral trim change. I trimmed laterally a little
bit, with no results. There just wasn't any way I was going to get good lateral trim. I
couldn't understand what such a trim change was and what it was all about and why I
couldn't trim it out, so I gave up on that and just pushed on over to zero degree alpha.
I thought I might be getting my feet on the rudders because I was getting this sensation
I think all of us have talked about as nibbling [lateral-directional nibbling] when you
get down around zero degree angle of attack.

""The second turn, coming around the corner at very low angle of attack, I was
experiencing small lateral perturbations. At that altitude it's not really much of a
problem, but it is disconcerting because of the lateral problems I had previously. Iam
sure that without those it would probably be a pilot rating of 2 or 3 overall; however, I
am going to give it an overall rating of 5.

'""On the high-speed approach as I got closer to the ground, I still had the lateral
problems cropping up, and I would give that a rating of 6. There again it is all due to
the lateral problem.

""The vehicle appears to be very stable longitudinally; it was only hard to control
laterally. Longitudinal control was quite positive. The pilot workload on this flight
was probably higher than on any of the others--this was due to the lateral problems I
had. "
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The preceding qualitative analysis of the M2-F2 flight time histories and corre-
sponding pilot comments showed that:

Operation in the near-zero and below angle -of-attack region was critical because
of the strong lateral PIO tendencies. Normal operation of the stability augmentation
system and flight control system did not preclude these tendencies.

Each of the four program pilots was critical of the lateral handling qualities in the
near zero and below angle-of-attack region. Three of the pilots experienced a severe
lateral PIO. The PIO subsided when control activity decreased, particularly rudder-
pedal activity, or when control activity was decreased and angle of attack was in-
creased,

Systems analysis of PIO. — The maneuvers shown in figures 8, 10, and 11 repre-
sent a complex control situation. In each of the pilot-induced oscillations, aileron
control was coordinated with rudder control in the attempted recovery. In the follow-
ing systems analysis the pilot is assumed to operate as a pure gain, using aileron
only to control bank angle. With these simplifying assumptions, operation in the low-
angle-of-attack region is shown to produce an unacceptable situation.

The equations of motion used in this study for both the simulator and systems
analysis are presented in appendix A. The development of the equations of motion
and associated transfer functions is not discussed, inasmuch as it can be found in any
basic aircraft stability and control document, for example, reference 7.

The basic airframe transfer function which relates bank angle to aileron is

N
@/
A M
a
which can be expressed as
A s2 + B, s+ C
@ _ @ % @ 2)
63 As4+Bs3 +Cs‘2 +Ds + E

The numerator of this transfer function generally remains a second-order factor. The
denominator can normally be factored into two first-order factors and a quadratic.
Normal factorization of this transfer function is illustrated in the following equation:

2 2
K(p(s + 2§¢w¢s + W )

QL _
5y (3)

1 1
(3470 (s+ 2% + 20qug + wg)

The coefficients of this transfer function are presented in appendix A in terms of their
constituent inertial characteristics and aerodynamic derivatives as well as modal
response characteristics.
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The basic airframe characteristic equation is given by the transfer -function
denominator, which determines the basic vehicle transient response and stability
characteristics. (The first first-order is normally referred to as the roll mode
because it has a dominant effect on rapid bank-angle response. The second first-
order factor is called the s@x;al\rrg%e and has a dominant effect on the relatively long

term bank -angle and heading (spiral) response. {Iﬁe squr}g:pljderwfggtorfrepresents
the Dutch roll mode, which is normally an oscillatory mode of relatively short period
involving all lateral-directional variables.

Traditionally, when lateral-directional response characteristics of high-
performance aircraft have been found to be deficient, the Dutch roll mode has been
the primary contributor. Aerodynamicists usually attempt to design configurations
which will have acceptable Dutch roll dynamics; however, this goal is not always at-
tained and this mode must be altered by the introduction of a device such as a yaw rate
damper. The roll mode, for higher aspect ratio designs, is usually a well damped,
aperiodic mode and not generally troublesome. For high-performance, low-aspect-
ratio configurations the roll mode may become sufficiently lightly damped to cause the
lateral response of this mode to be unacceptable and require a roll rate damper. The
spiral mode is usually a near neutral or slightly unstable aperiodic|mode and can be a
problem if it becomes too unstable.

The bank-angle-to-aileron transfer function for the M2-F2 vehicle without SAS and
interconnect was found to factor into two first-order factors in the numerator and two
second-order factors in the denominator. The transfer function is of the form

K(s + =)(s + ——)
2 _ P1 92
Oa (s2 + 2LRgWRSS + o.)RSZ)(s2 + 2fqwgs + wdz)

(4)

The two first-order factors in the numerator occur primarily because of the very high
adverse aileron yawing-moment derivative, -Naa, and large effective dihedral deriv-

ative, L g With the inclusion of the interconnect, the numerator becomes a second-

order factor, with the resulting zeros in the left-hand plane. The transfer function
is now of the form

2 2
K(p(s + 2§¢w¢s -+ O)(p )
ggz 2 2 (5)
8 (s + 2pgwRgs + wRs )(sZ + 2Lqwys + wy’)

The denominator of this expression consists of two second-order factors and describes
the situation which generally exists at all angles of attack for the M2-F2 vehicle with
SAS off. Thus the roll mode has become sufficiently lightly damped that it has coupled
with the spiral mode to form a second oscillatory mode, the coupled roll-spiral mode,
The period of this mode is generally long compared with that of the Dutch roll mode,
and it has sometimes been called the lateral phugoid. In reference 7, Ashkenas

and McRuer generally related the possible existence of this mode to configurations
with large effective dihedral and negative product of inertia, L 8 and Iy, and
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positive yawing moment due to roll rate, Np‘ Physically, these conditions could be

satisfied on configurations with high-mounted wings at high sweep angles (low aspect
ratio) and high rear-mounted fins.

Figures 12(a) and 12(b) present the computed zeros and poles for the M2-F2 ve -
hicle without SAS at the flight conditions of figure 11. Included are the zeros for the
condition when the interconnect is set at zero and 0.45. (The washout filter character-
istics are not considered at this point.) With the interconnect set at 0. 45, the zeros
become complex in the left-hand plane. As the angle of attack decreases, the Dutch
roll mode decreases in frequency, as would be expected, and increases in damping.

The coupled roll-spiral mode exists at all angles of attack (fig. 12(b)). As the angle
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(b) Coupled roll-spiral mode poles.
Figure 12. Complex plane plot of the SAS-off open-loop bank-angle-to-aileron transfer function zeros and poles
as a function ofangle of attack for the M2-F2 at K;=0 and 0.45. M=0.48; V =159.5 m/sec (523 ft/sec);
q = 12,100 N/m? (253 Ib/fi°).
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of attack is decreased, the coupled roll-spiral-mode pole migrates toward the imag-
inary axis (neutral stability) and at angles below approximately 2° becomes unstable.
At -6° angle of attack the time for a disturbance of this mode to double amplitude is on
the order of 1.5 seconds. From a stability standpoint this situation is obviously un-
acceptable.

The predicted aerodynamic characteristics of the M2-F2 vehicle were obtained
from both small-scale and full-scale wind-tunnel tests (ref. 12). The predicted
dimensionless stability and control derivatives are presented in table 5.

The inertial characteristics used in this study are presented in table 1. The mass
distribution of the M2-F2 vehicle was characterized by a relatively low roll inertia, as
compared with .e yaw inertia, and a large negative inclination of the principal axis.
The ratio of yaw-to-roll inertia was approximately 6. 5, and the ratio of the product
of inertia to roll inertia was approximately -0. 58.

The dimensionalized aerodynamic derivatives, coefficients of the transfer function,
transfer function zeros and poles, and dynamic characteristics were computed by using
a digital computer. The computed characteristics are at the flight conditions of fig-
ure 11. The dimensionalized aerodynamic derivatives and coefficients of the transfer
function for angles of attack of 8° to -6° are presented in table 6.

For the same conditions with inner roll and yaw rate feedback loops closed, that
is, with roll and yaw damping augmentation, the equivalent derivative method was
used. (See appendix B.) Tables 6 and 7 present the dimensionalized aerodynamic
derivatives, coefficients of the transfer function, and the zeros, poles, and modal re-
sponse characteristics. Figure 13 presents the computed zeros and poles for Kp =0.2,
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Figure 13. Complex plane plot of the SAS-on open-loop bank-angle-to-aileron transfer-function zeros and poles
as a function of angle of attack for the M2-F2. M =0.48;, V =159.5 m/sec (523 ft/sec); q = 12,100 N/m2
{253 /b//'r“?}: Kp =0.2; K, =04; K;=0.45.
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K, =0.4, and K; =0.45. The zeros are complex and have been shifted to the left, as

compared with the unaugmented condition. At 8° angle of attack there are distinct roll
and spiral modes. At this point the spiral mode is stable and the roll mode is relatively
lightly damped. As the angle of attack is decreased, the roll- and spiral-mode poles
converge and split from the real axis as they couple to form the roll-spiral mode. As
the angle of attack decreases, the coupled roll-spiral-mode pole migrates toward the
right-hand plane and becomes unstable between -2° and -4° angle of attack. To attain
300 knots indicated airspeed in the preflare condition, it was necessary for the M2-F2
vehicle to operate in this angle -of-attack region (fig. 6).

To take the analysis of the M2-F2 PIO problem one step further, it is necessary
to introduce the pilot and control system high-pass filter characteristics into the closed-
loop situation. Figure 14 is a block diagram of the M2-F2 closed-loop system which
is analyzed in the following sections. Reference 3 presents a rationale concerning the
causes and analysis of PIO problems and classifies them into three distinct types.
Types II and III involve system nonlinearities and, as such, require sophisticated
analysis. The M2-F2 PIO problem was determined to be in the type I category; that
is, the oscillations were determined to be caused by linear pilot—vehicle coupling,.

The pilot describing function was assumed to be a pure gain; that is, no natural lag or
pilot equalization was considered. This is not to say that the pilot(s) closed the lateral
control loop in this manner; however, for pure oscillations this approximation is valid.

ba
SAS
Yp -
(OC + ¢E b éat
——_?——— Yp ; = p
9
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Figure 14. Block diagram of M2-F2 vehicle-pilot roll control loop including SAS and interconnect.

The assumed pilot describing function is

Yp =~ Kp(p (6)
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The roll and yaw feedback stability augmentation transfer functions including the high-
pass washout filters are

Y =— %)

v - Krs ®)
Tos+ =)
TWO

The closed-loop transfer function (pilot, SAS, and vehicle) now becomes

4 3 2 ’
Yol&) = =
Pld A

a/ (As®+ Bs®+ Cs*+ Ds®+ Es? + Fs+ Q)

Figures 15(a) to 15(e) present the root loci for the specified conditions at constant
angles of attack from 6° to -2°, in 2° increments. The zeros and poles for each of the
angles of attack are tabulated in table 8. Figures 15(a) to 15(c) are similar, in that as
the loop is closed the locus remains clear of the imaginary axis; however, the
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Figure 15. Complex plane plot of the root loci of the bank-angle-to-aileron transfer function with the SAS on,
including roll and yaw washout filters, and assuming a pure gain pilot for the M2-F2. M = 0.48; V = 159.5 m/sec
(523 ft/sec); q = 12,100 N/m (253 lb/ftZ) K =0.2; K,=04; Kp=0.45.
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roll-mode pole migrates toward the
imaginary axis and at 2° angle of
attack the coupled roll-spiral mode
appears. The bank-angle zero re-
mains essentially stationary while

the Dutch roll pole migrates in the
direction of decreasing frequency.

In figure 15(d) the roll-spiral mode
has migrated up and to the right. The
locus initially converges toward the
imaginary axis and, as the gain is in-
creased, it becomes parallel. At
higher gains it moves away from the
imaginary axis. At an angle of attack
of -2° (fig. 15(e)), a lateral handling-
qualities problem may be expected to
develop in the form of a closed-loop
PIO. From the figure it can be seen
that the coupled roll-spiral-mode pole
has continued its migration toward
the imaginary axis and instability;

the zero has remained stationary.

As the bank angle is controlled in a
pure gain fashion, the locus approaches
the imaginary axis and a PIO. The

gain required to approach the imaginary axis at its closest point (w ~ 1.3 rad/sec) is
approximately 0. 3° of aileron per degree of bank angle or 0.23 centimeter (0. 09 inch)
of lateral stick per degree of bank angle, which is a reasonable value. In this instance,
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near-neutral closed-loop oscillations could be on the order of 1 rad/sec to 2 rad/sec
with corresponding gains of approximately 0.2 deg/deg and 1.0 deg/deg, respectively.

The frequencies of in-flight pilot-induced oscillations are of interest. The PIO
frequencies of figures 10 and 11 are on the order of 1. § rad/sec and close to those
predicted by the data of figure 15(e). The PIO frequency of figure 8 is approximately
2.7 rad/sec, which is higher than would be predicted by the data in figure 15(e). The
interconnect ratio of this PIO was not constant and influenced the vehicle response
significantly.

This systems analysis indicates that the M2-F2 vehicle could encounter closed-
loop handling —qualities problems at -2° angle of attack at the flight conditions specified.

Simulator analysis. — To complement the theoretical analysis, a six-degree-of-
freedom simulation of the M2-F2 vehicle was implemented. The lateral-directional
aerodynamic characteristics used in this study are summarized in table 5. The pilot's
cockpit control characteristics were similar to those of the flight vehicle. Instru-
ment displays included a three-axis attitude indicator, which also displayed angle of
sideslip on the vertical needle, and angle-of-attack, airspeed, altitude, and normal -
acceleration indicators.

The pilot was requested to perform the following two tasks:

(1) Fly a nominal M2-F2 pattern from an altitude of approximately 6710 meters
(22,000 feet) at an indicated airspeed of 190 knots and an initial pitch attitude of -10°.
When roll out of the final turn was almost complete, push over to 300 knots and co-
ordinate aileron input with rudder -pedal input.

(2) Repeat the task presented in item (1), except do not coordinate with rudder.

The first task was requested so that the simulator results could be compared with flight
data. The second task was intended to illustrate the PIO problem without coordinated
aileron and rudder control and to provide data for comparison with the systems
analysis.

Figures 16(a) and 16(b) present the simulator time histories obtained from the two
tasks. Figure 16(a), a time history of the first task, shows that as zero bank angle is
approached the pilot attempts to arrest the change of bank angle and a PIO develops.
After approximately one cycle, the pilot attempts to coordinate rudder with aileron;
however, this drives the system more unstable. Recovery is rapid after use of rudder
is discontinued, angle of attack is increased, and the large aileron commands are
relaxed. The rate of change of the bank angle correlates with induced sideslip angle.

Figure 16(b) is a time history of the second task. Again, as zero bank angle is
approached, angle of attack is decreased through zero. Zero bank angle is exceeded
and the pilot attempts to return it to zero; again, an immediate PIO develops. Re-
covery is accomplished after aileron control is relaxed and angle of attack is increased.

The PIO frequencies of figures 16(a) and 16(b) are approximately 2.1 rad/sec and

1.3 rad/sec, respectively. These frequencies are close to those of the in-flight pilot-
induced oscillations and the predictions of figure 15(e).
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The pilot made the following comments concerning the simulated M2-F2 landing
approach task:

"The lateral -directional instability became apparent on the pushover to the final
approach. The ensuing roll oscillation was divergent using ailerons only and was
aggravated by the use of rudders. Recovery was made by increasing alpha above 0°.
At the low alpha (* -2.5°), the lateral-~directional task received a pilot rating of 10.

"The simulation appeared to match the characteristics of the flight vehicle quite
closely. It appeared that the simulation PIO was as easily induced as was the PIO in
the flight vehicle. "

It should be noted that the simulation evaluation pilot also experienced the PIO on
the sixteenth flight of the M2-F2 vehicle.

Evaluation of flight, systems analysis, and simulator results. — The flight data
showed a low-angle-of-attack, pilot-induced oscillation and the similarity of each of
the three oscillations. The systems analysis showed a roll and spiral mode pole
migration within the complex plane as angle of attack was varied. As these two poles
converged, they formed the complex coupled roll-spiral-mode pole which migrated
toward the imaginary axis and instability as a function of decreasing angle of attack. In
physical terms, as the angle of attack was decreased, the roll axis would become less
and less damped, or very "loose'" as evaluated by the pilot. Depending on the extent of
the excitation, the roll-spiral mode could appear to be a lateral trim problem; that is,
if the pilot intended to fly "wings level, ' at relatively low gain, and the roll-spiral mode
was excited in some way, he would not allow the bank angle to drift to any large error
and, therefore, not observe the oscillatory characteristics of this mode. The pilot
comments from flight 15 concerning lateral trim and "lateral-directional nibbling' at
angles of attack of 5° and below are particularly interesting in view of the pilot rating
of 6. As the roll-mode pole migrates to the right, the ailerons would still command
roll rate; however, the time required to reach a given rate would become longer and
longer, thus making the ailerons appear to the pilot to be more of an acceleration-
ordering control over relatively short intervals of time.

One of the major conclusions of references 4 and 5 indicated that, even though the
ailerons order bank angle (linear theory) for the coupled roll-spiral mode, the pilot
may not be conscious of this because the mode may be slow to reach a steady state.
Rather, he may see the ailerons as acceleration-, rate-, or position-ordering accord-
ing to the amount of response he observes before he decides he should do something
about the motion of the vehicle. Reference 4 pointed out that apparent acceleration-
ordering ailerons could be acceptable for a reentry vehicle if large, rapid maneuvering
was not required. When large, rapid bank-angle corrections were required, to correct
for gusts, for example, acceleration-ordering roll control was objectionable.

On this basis, then, it may be inferred that, when acceleration-ordering ailerons
are used to command a particular roll rate, aileron pulses would be required if the
lateral axis were sufficiently lightly damped. Reference 1 indicates that this mode of
aileron operation was utilized during an M2-¥2 flight in which a 360° overhead approach
to landing was used. Following this flight, the pilot reported that "without roll and
yaw augmentation, bank-angle control was not as precise as desired, but turns could
be made. The vehicle was susceptible to pilot-induced oscillations. Lateral stick
pulses were effective in changing bank angle. "
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The simulator data also indicated that the lateral handling qualities of the M2-F2
vehicle were generally adequate until, at reduced angles of attack as the pilot controlled
bank angle, a closed-loop PIO was generated.

The systems analysis results suggest that if the formation of the coupled roll -
spiral mode could be precluded, or if the pole location of this mode could be altered
to a more favorable position within the complex plane, the handling qualities at low
angles of attack would be improved.

In general, the results of both the systems analysis and the simulator study are in
good agreement with the conclusions of references 4, 5, and 6.

Factors Influencing Zero-Pole Locations of the M2 -F2 Vehicle

Poles. — The nature of the poles is determined by the transfer-function-denominator
characteristic equation of the basic vehicle when equated to zero. When the roll and
spiral modes are coupled, this expression is

3

A=As*+ BsS+ C_s2 + Ds+ E = (sz + 2¢RGWRSS + (JJRSZ)(Sz + 2fqwgs + wdz) (10)

Table 6 shows that, as the angle of attack is decreased, the A, B, and E coefficients
remain relatively constant while the C and D coefficients vary over a wide range.
The C coefficient can be related to the Dutch roll frequency by the approximation

9 L Ixz
Crug ¥Ng-Lgle-1-) (11)

Variations of this coefficient affect the position of the Dutch roll mode pole parallel to
the imaginary axis (fig. 12). The D coefficient, however, changes from positive to
negative as angle of attack is decreased, and from Descartes' rule of signs (ref. 13)
it is known that, with two variations in sign by the coefficients, at least one and at the

most two poles will be in the right-hand plane when this occurs. The D coefficient
may be approximated by

D = 2¢qwdwRs” *+ 26RSWRS¥d” ~® ALgNy - NgLp) + [Lg(N, ~5) - NgL] (12)

Refef‘éhc,e esents an extensive mathematical analysis of the role of the lateral -
directional transfer-function denominator in determining the existence of roll-spiral
coupling when the coefficients meet specific criteria. Also discussed is the influence

of important aerodynamic parameters involved in p_%)ilgi_ggjhis.mlp_ling. Tables 6
and 7 show that the migration of the roll, spiral, and coupled roll-spiral poles is highly
dependent on the magnitude as well as the sign of the D coefficient (positive desired).
From the approximate equation for this coefficient (eq. (12)), it can be seen that the

: _g im -
dominant parameters are «, LBNr’ L,B(Np V), and NBLp' If, then, the more im

portant parameters of this coefficient can be controlled, the possibility of providing
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acceptable pole locations should be enhanced. Certain implicit limitations will not be
considered in the following analysis: (1) the requirement to operate in the -2° angle-
of-attack region; (2) an increase in roll damping alone through roll SAS gain, even
though theoretically the roll-spiral-mode characteristics can be improved in this man-
ner. The primary reason for not considering the second limitation is that the M2-F2
vehicle was restricted to operation at lower roll SAS gains because of practical control
system considerations. Further, the divergences of figures 8, 10, and 11 occurred at
Kp =0.6, 0.4, and 0.2, respectively, and the PIO was not precluded at twice or three

times the gain of the PIO of figure 11. The possibility of improving the roll -spiral -
mode characteristics by judiciously selecting a combination of roll SAS gain and inter -
connect ratio, which affects both poles and zeros, is discussed later. In the following
discussion three possibilities that affect only the poles are considered:

(1) Reducing the very high effective dihedral by changing the configuration or pro-
viding a B8 feedback to the ailerons.

(2) Providing a feedback signal to the rudder proportional to roll rate, that is,

making Np more negative thus reducing the strong effect of LB(Np - %).
(3) Improving the control characteristics so that acceptable pole and zero locations
can be attained through the existing roll and yaw rate feedback loops.

The problem of very high effective dihedral, LB’ is not unique to the M2-F2 ve-

hicle but is a general characteristic of lifting body configurations. A configuration
change of sufficient magnitude to appreciably reduce the effective dihedral would not be
practical. A g feedback could be implemented; however, from practical considera-
tions such a signal is difficult to work with because of its susceptibility to gust dis-
turbances and boom-vane dynamics. Further, the gain requirements of a g feedback
to effectively reduce the effective dihedral would be unrealistically high. Therefore,

a B feedback was not implemented.

The yawing moment due to roll rate, Np, is of particular interest because of its
strong influence on vehicle lateral-directional response characteristics and resultant

influence on handling qualities through the parameter LB(Np - %). Reference 14 pre-

sents the results of an analysis of handling -qualities problems associated with this
parameter because of its influence on transfer-function factors and associated response
time histories. Figures 17(a) and 17(b) illustrate the effects on the transfer-function
poles as a function of Cnp for the -2° angle-of-attack condition. The transfer-function-

denominator coefficients, poles, and response characteristics are presented in table 9.
From figure 17 it can be seen that as Cnp is varied from 0.30 to -0.75, the Dutch

roll, coupled roll-spiral mode, and ultimately the roll and spiral poles are drastically
affected, as is the D coefficient. As the coupled roll-spiral mode is stabilized, with
decreased Cnp, the Dutch roll mode is destabilized. This would suggest that an

appropriate signal proportional to roll rate could be transmitted to the rudders, there-
by generating a more favorable yawing moment as a function of roll rate and opposing
the natural Np characteristics of the vehicle.
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Iigure 17. Complex plane plot of the open-loop M2-F2 lateral-directional poles as a function of yawing moment
due to roll rate. M =0.48; V = 159.5 m/sec (523 ftfsec); q =12,100 Njm? (253 Ib/f°); a=-2°; K= 0.45.

A system of this type, which would appear to offer a reasonable solution to the
problem of the poor coupled roll -spiral pole locations, was considered for the M2-F2
vehicle; however. because of limited and questionable aerodynamic data and potential
hazards in other flight regions, it was not implemented. In the mechanization of the
M2 -F2 interconnect, a yawing moment proportional to roll rate was generated by
means of the roll SAS and interconnect, as can be seen in figure 14.

Zeros. — In the analysis of item 3 (page 33) it is necessary to consider the control
characteristics, which imply transfer -function zeros, and their effect on pole location
through the feedback loops. Handling-qualities investigators have frequently attempted

w
4

to present lateral -directional handling -qualities requirements based on the ratio

which indicates only the relative distance apart of the bank-angle zero and Dutch roll
mode pole along the imaginary axis and does not adequately describe the lateral handling -
qualities situation, as pointed out in references 2 and 15. References 14 and 15 deter-
mined acceptable bank-angle-zero locations for a variety of Dutch roll, roll, and spiral
poles. In the final analysis it is the degree of interaction of all the important lateral-
directional zeros and poles which determines the degree of acceptability of the handling-
qualities characteristics, including roll-spiral poles, if this mode exists.

As previously discussed, the M2-F2 yawing moment due to aileron deflection was
adverse, necessitating an aileron-to-rudder interconnect. It was shown in figure 12
and table 7 that with K; = 0 the bank-angle transfer-function numerator yielded two

real zeros (eq. (4)). This, in terms of handling qualities, represents a situation in
which roll control by the ailerons is negated by induced sideslip angle, B, and roll
reversal occurs. With Ky = 0.45 the bank-angle zeros are complex and migrate into
2

the left-hand plane. The second-order transfer -function-numerator parameter, We

is the dominant term in the discriminant of this quadratic factor and, therefore, exerts
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a dominant influence on the nature of the zeros. This parameter may be approximated
by

C Naa
Ng —LﬁLéa

Q

(13)

From this expression the effect of adverse aileron yaw in conjunction with very high
N
effective dihedral is apparent; that is, the ratio of I?a can remain relatively small
a
but still exert considerable influence on both the sign and magnitude of w qu. For the
N —
a _ . .
ia; , when Kj =0, is approximately

212 NB and resulting in real zeros of approximately +3. (See

M2 -F2 vehicle, |LB| ~ 13|NB| and the ratio of

-0.17, making W

tables 6 and 7.)
The effect of the interconnect can now be illustrated for the idealized situation,
with no system lags or nonlinearities. When the aileron commands a proportional

rudder input, an apparent or quasi-aileron yaw is generated. The effective aileron
yawing moment and rolling moment generated in this manner can be expressed as

N = Ng. - KyN 14
(6a)eff Oa = F170r o

and

L =L - K7L 15
( 5a)eff 6, ~ Kils,. (15)

Thus, the aileron-to-rudder interconnect makes <N5a> "
e

(Néa\)eff

more negative, resulting in a more favorable ratio of W in this instance,
a
eff

(Yoa)
a)eff
where K;=0.45, of approximately 0.016 (table 6). With this ratio, (LG—_

a) eff

more positive and <L5a) o
e

’

w 2w~ 1.2N , resulting in imaginary zeros and w_, on the order of 3.

@ B ®

The interconnect of the M2-F2 vehicle was designed so that every aileron deflec-
tion produced a proportional rudder deflection, depending on the setting of the manually
operated ratio changer. The aileron response to roll-rate SAS therefore actuated the
rudders proportional to roll SAS gain and interconnect setting. This not only affected
bank-angle-zero location but the location of the poles as well (fig. 14). The rationale
of the M2-F2 interconnect design, which should not be considered necessarily optimum,
is beyond the scope of this report.
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The augmented or total rolling moment due to roll rate can be expressed as
Lp, = Lp - <L5 >eff Ly - Kp<L§a - KIL5r> (16)

which results in a net increase, negatively, of the rolling moment resisting roll rate,
the desired effect. Similarly, the yawing moment due to roll rate is altered by

Np, =Np - Kp<N(§a> = Np - Kp<N5a - KIN5r> (17)

eff

From this expression, it can be seen that the net effect on the yawing moment due to
roll rate depends largely on the effective aileron yaw. Thus, to provide an apparent

N§
favorable ratio of Q , other important control and damping characteristics were com-

a

promised, such as total roll control, augmented roll damping, and yaw due to roll rate.
Some of the results of reference 15, in which the in-flight lateral -directional handling
qualities for a variety of vehicle dynamics were investigated, are of interest. Empha-
sis in this study was placed on determining acceptable locations for the bank-angle zero

@l ratios. This study
Blq

concluded that zeros to the left of the Dutch roll pole were generally better than those
to the right and that these configurations showed less deterioration in }%\IIOt ratings as

with respect to the Dutch roll, roll, and spiral poles as well as

the zero was displaced from its optimum location by variations in the %a ratio. It
N,

. . ey
ratio was primarily a function of the yawing mo-

was also concluded that the best Oq
Lﬁa
ment due to roll rate, Np.

It is now apparent that in conjunction with the very high effective dihedral the
closed-loop handling qualities of the M2-F2 vehicle were sensitive to combinations of
roll SAS gain and interconnect-ratio setting. With judicious selection of both roll SAS
gain and interconnect ratio over the Mach number—angle-of-attack envelope, acceptable
zero-pole relationships may have been possible. However, after the landing accident
it was decided that making a simple aerodynamic modification to improve the lateral
handling characteristics would be preferable to relying on the control system. Wind-
tunnel results had indicated that the aileron yawing characteristics of the vehicle could
be made favorable with the addition of a center fin, which would introduce the possi-
bility that the interconnect could be eliminated or that the required gain setting could be
greatly reduced. Thus it appeared that a relatively simple airframe modification would
greatly improve the lateral stability and handling qualities.

M2-F3 Lateral Controllability

Airframe modification. — The M2-F2 vehicle was rebuilt, modified to incorporate
a fixed center fin (fig. 4), and designated the M2-F3. Wind-tunnel tests indicated that
the effective dihedral, aileron effectiveness, and directional-stability derivatives were
relatively unchanged. There was a slight increase in drag, but the aileron
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Figure 18. Aileron yawing-moment characteristics of the
M2-F2 and M2-F3 at M = 0.5 predicted from small-scale
wind-tunnel results.

be complex without the aid of the interconnect.

yawing -moment characteristics were
predicted to be favorable (fig. 18).
This effect was attributed to the addi-
tion of the center-fin area upon which
the pressure generated by the upper
flaps operates counter to that of the
inside of the outboard fins, thus pro-
viding favorable aileron yawing-
moment characteristics.

Systems analysis. — With favorable

aileron yawing-moment characteristics,
Ng
the ratio of L—GE would be positive with-
a

out the aileron-to-rudder interconnect.
The bank-angle transfer-function
zeros, therefore, could be expected to

Preliminary simulator results indicated

that an interconnect and a roll washout filter would not be required in the glide flight
region. Therefore, these items are not considered in the following analysis.

The M2-F3 dimensionalized aerodynamic derivatives, coefficients of the bank-
angle transfer function, zeros, poles, and response characteristics are presented in

8-
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Figure 19. Complex plane plot of the SAS-on open-loop
bank-angle-to-aileron transfer-function zeros and poles

as a function of angle of attack for the M2-F3 at K 1= 0.
M=048 V=159.5m/sec (523 ft/sec); q = 12,100 N/m
(253 IbJft2); K,=02; K,=04.

table 10. To compute the dimensional
aileron yawing derivatives, only the
aileron yawing-moment coefficients
(fig. 18) were changed; the other aero-
dynamic and inertia characteristics,
as well as the other stability and
control derivatives and the moments
of inertia, were the same as those of
the M2-F2 vehicle. Figure 19 pre-
sents the complex plane plot of the
augmented M2-F3 vehicle at the flight
conditions of figure 11; yaw washout
was not considered. A comparison
of the M2-F3 zeros and poles of
figure 19 with the M2-F2 zeros and
poles of figure 13 shows that the
Dutch roll poles are similar. The
zeros are now complex without the
aid of the interconnect. The roll-
mode pole appears to have been
significantly improved. The coupled
roll-spiral mode does not exist until
approximately 2° angle of attack is
reached, as compared with approxi-

mately 5° for the M2-F2 vehicle. Figures 20(a) to 20(e) present the root loci at con-
stant angles of attack for the bank-angle transfer function, assuming a pure gain
pilot and including yaw washout (table 11). The formation of the coupled roll-spiral
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gle-to-aileron transfer function with SAS on,

including yaw washout filter, and assuming a pure gain pilot. M =0.48; V=159.5 m/sec (523 ft/sec);

q = 12,100 Njm? (253 IbJfi2): K,

=0.2; K,=04.
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The task presented to the pilot was, as with the M2-F2 vehicle, to fly a nominal
M-2 approach pattern from approximately 6710 meters (22, 000 feet) altitude and at
approximately 190 knots indicated airspeed. Figure 22 presents the M2-F3 simulator
time history of the final turn and approach to landing with Kp =0.2 and K, =0.4.

mode was delayed until an angle of
attack between 2¢ and 4 was reached
(compared with approximately 5° for
the M2-F2 vehicle), and at the -2°
condition the root loci close toward
the imaginary axis; however, they do
not become tangent to the imaginary
axis or cross into the unstable region.
The M2-F3 vehicle at the -2° angle-
of-attack flight condition should be
less sensitive to pilot-induced oscilla-
tions than the M2-F2 vehicle; how-
ever, the tendency is still present.

Figure 21 summarizes and com-
pares the M2-F2 and M2-F3 roll-
spiral pole and bank-angle-zero loci
at a = -2° for Kp = 0.2 and
K, = 0.4, and for the M2-F3 vehicle
at Kp =0.4.
increase significantly shifts the
coupled roll-spiral pole to the left;
in addition, the gain required to ap-
proach the imaginary axis at its
closest point is more than double that

for Kp =0.2. It would be expected,

therefore, that higher roll SAS gain
would also significantly lessen the
M2-F3 PIO tendencics in this flight
region.

The roll-damping -gain

Simulator analysis. — To complete
the analysis of the M2 -F3 vehicle, a
six-degree-of -freedom simulation
was generated. As in the systems
analysis, the only aerodynamic deriv -
ative change was in the aileron yawing-
moment characteristics. The aileron-
to-rudder~interconnect-ratio setting
was reduced to zero, and the pilot's
aileron authority was increased to
+20°.

As the roll out of the turn was completed, the pilot pushed over to -4° angle of attack;
however, control was not lost and a PIO was not generated even though the pilot
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continued to roll the vehicle through bank angles of +5° to +10°, Induced angle of side-
slip was minimized because Cpy_ Wwas slightly positive, obviating rudder inputs
a

through the interconnect.

The second task presented to the pilot was to repeat the same flight profile except
to turn both roll and yaw SAS off. Figure 23 presents the simulator time history of
this maneuver. As rollout was accomplished, the angle of attack was reduced through
zero. The pilot again controlled bank angle, this time through approximately +20°. A
divergence was not experienced until aileron was coordinated with a slight amount of
rudder at approximately -4° angle of attack.

The pilot made the following comments concerning the simulated M2~F3 landing
approach task:

""Again the task specified was to fly that portion of an M2-F2 flight from the pre-
sented initial conditions through the final turn, approach, flare, and landing. At low
alpha (-2°) no lateral-directional instability presented itself. The vehicle could be
controlled using ailerons only; however, use of ailerons and rudders caused a di-
vergent PIO.

"With the roll and yaw dampers off, the vehicle could be flown normally if the
angle of attack was not lowered below approximately -2°. The vehicle could be flown
down to -4° alpha using ailerons only; however, the use of rudders in this area caused
divergent lateral-directional oscillations. At -2° alpha, pilot ratings of 5 were
given. "

Flight.— Results from the first two flights of the M2~F3 vehicle generally sub-
stantiated the more favorable roll control characteristics predicted from wind-tunnel
data and the improved lateral handling qualities determined in the analytical and sim-
ulator studies compared with the results for the M2-F2. Pilot ratings from flight,
based on a modified Cooper scale (table 4), indicated excellent roll control character-
istics with good lateral vehicle response. Ratings for lateral tasks ranged from 2.0 to
1.5. Figure 24, a time history of an M2-F2 and M2-F3 turn to final approach, shows
that the M2-F2 pilot-induced-oscillation tendencies in the preflare landing were elimi-
nated in the M2-F3. The M2-F2 vehicle rolled out of the left bank to a right bank as an
S-turn maneuver was performed for energy management purposes. The general poor
quality of the bank-angle modulation and high pilot stick activity were typical of the
M2-F2 vehicle; however, the M2-F3 bank-angle control was precise and the pilot stick
activity was minimal. It should be noted that in the M2-F3 vehicle the pilot's aileron
authority was increased to +20°,

Preliminary estimates of the lateral-directional derivatives from flight appear to
generally confirm wind-tunnel predictions. The aileron control characteristics were
generally substantiated, particularly the favorable yawing-moment characteristics
presented in figure 18.
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CONCLUDING REMARKS

Severe lateral divergent oscillations were experienced during the 16 glide flights
of the M2-F2 lifting body flight-research program. Operational requirements of the
vehicle necessitated flight in the near-zero and below angle -of-attack flight region in
the preflare situation. Control in this flight region was critical because of the strong
lateral pilot-induced-oscillation (PIO) tendencies which were not precluded by normal
operation of the flight control and stability augmentation systems. Each of the four
program pilots was critical of the lateral handling qualities of the vehicle in this flight
region; three of the pilots experienced severe lateral pilot-induced oscillations. Each
oscillation subsided when the control technique was changed or angle of attack was in-
creased, or both. Coordinated use of rudders aggravated the instability.

A systems analysis with the pilot in the loop related the preflare low-angle-of-
attack lateral PIO tendencies to the formation of a coupled roll-spiral mode which
caused the pilots to generate a closed-loop lateral instability. The coupled roll-spiral-
mode characteristics were a strong function of angle of attack; that is, this mode be-
came less stable at the lower angles of attack and, as a result, recovery could be
accomplished by increasing angle of attack and changing control manipulation. A six-
degree -of-freedom simulation of the M2-F2 vehicle generally verified that strong PIO
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tendencies existed in the low-angle-of-attack preflare flight region and generally sup-
ported the flight data and analysis.

Generally, the formation of the M2-F2 coupled roll-spiral mode was attributed to
the large effective dihedral characteristics in conjunction with a large positive yawing
moment due to roll rate and operation in the negative angle-of-attack region. Con-
tributing factors were the low natural roll damping and generally poor aileron control
characteristics, particularly the very large adverse yawing moment due to aileron
deflection.

Wind-tunnel data indicated that, with the addition of a fixed center fin, the yawing
moment due to aileron deflection would become favorable without affecting other
aerodynamic characteristics. Systems analysis and simulator studies indicated that
the modified vehicle, designated the M2-F3, would not require an aileron-to-rudder
interconnect in the normal glide flight region and would have improved lateral handling
qualities in the low-angle-of-attack, preflare, landing-approach situation. The pre-
dicted improved lateral handling qualities resulted from improved aileron yawing-
moment characteristics that eliminated the need for the aileron-to-rudder interconnect.
Therefore, generally more favorable zero-pole combinations resulted.

Flight tests of the M2-F3 vehicle corroborated the systems analysis and simulator
results. Pilot evaluation indicated excellent roll control and good vehicle response.
No tendency toward lateral PIO was observed.

In general, the results of this study agree with other published flight and simula-

tor results concerning roll-spiral coupling,

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., April 16, 1971.
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APPENDIX A

LATERAL-DIRECTIONAL EQUATIONS OF MOTION AND
BANK-ANGLE TRANSFER FUNCTION

The side -force, rolling-moment, and yawing-moment equations were derived on
the basis of a right-hand orthogonal body-axis system for a rigid airframe (fig. 25).

Figure 25. Right-hand axis system showing positive directions for all vector quantities, such as forces, moments
and accelerations.

»

The three equations in conventional dimensional form are as follows:

Side-force
B=pa-r+ %<p+ YgB+ Y5,0, + Y50,

Rolling moment

. Xz

p= -i;(—r+ LﬁB+ Lop + Lpr + L5a63+ Lﬁrér
Yawing moment

. Ixz, 5 5

r= _i;p+ NB’8+ Npp+ N,r+ Néa a ™t N5r r
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APPENDIX A

In terms of the Laplace transform variable, s, this set of equations in matrix form is

— 7] T B B
(s-YB)—(soz+%) 1 r,13 Y5,
IX7
-Lg  s(s - Ly (g + Ly | ¢ = | Lg, Esa]
Ixz
] _Nﬁ -8 —IE-S+NP (s - Np) r Néa

from which the transfer function denominator is
A=Ast+ Bs3+ Cs2+ Ds+ E

The coefficients of the denominator are

2
Ixy
Ixlz

2
Ix7 L, N,
[— (Lp + Nr) + Yﬁ<@ - 1) - IXZ<I; + I;)}

A=(1-

oo
[

Ixz
p-|a (LN - NBLI.) + (LN, - NgLy, - NB—I;(— S - LB%) + Yp(NLy - LpNy)

E = <L6Nr . NBLI.>%

or, as expressed in terms of modal response characteristics,

Dutch roll and coupled Dutch roll, roll,

Coefficient roll spiral and spiral
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APPENDIX A

The bank-angle transfer -function numerator is

AL Ixz
¢ = Lo, * Ng, I

Ixy Ier
By = - Lp_ <Nr+ YB> + Ng_ <Lr - ‘E: YB)+ Y5a(LB+ %{ANB)

Cy ~ Lg, (Ng+ YNy) - Ng (Lg+ YgLy) + ¥, (Vg - LgNy)

or

Coefficient Real zeros Complex zeros

A¢ K(p K¢
B

@ 1 1
—r —_—t = 2¢ w

4

A(p <T¢1 T(p2> %
o 1 e
A T, T @

¢ ( ¢ ‘”2)
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APPENDIX B

EQUIVALENT DERIVATIVE GENERATION BY IDEAL RATE FEEDBACK
AND CONTROL CROSSFEED

Total aileron input can be expressed by
Oay = Oap * Oagyg

and total rudder by

6. =0, +60 + 0

For ideal rate feedback the roll and yaw gain can be expressed by

- GaSAS
P P
o
_ TSAS
r  r

The aileron-to-rudder interconnect can be expressed by

érKI

1”75,

The total aileron and rudder can now be expressed in terms of rolling and yawing
angular rates, roll and yaw SAS gains, and interconnect ratio as

By substituting these expressions into the equations of motion of appendix A for (Sa

and Gr, the following total and effective derivatives were obtained:

Lpt =L, - Kp (Lﬁa - KILGI>
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APPENDIX B

N. =N -K (N - KN
Pt p p( 0, I 61‘)
Ly, =Ly * K Lg_

Nrt = NI‘ + KrNar

<L6a>eff =Ls, ~KLs,
(Néa)eff

(Yéa)eff ) Yéa ) KIY(SI‘

= Néa - KINGI.

Both the transfer-function numerator and denominator will be changed by the addition
of rate feedback and control crossfeed. The total rotary derivatives and effective con-
trol derivatives should be used where applicable. However, the effective derivative

is approximate and considers only an ideal system. When system characteristics such
as nonlinearities, actuator dynamics, and system lead-lag filters influence handling
qualities, they must also be included in a handling -qualities analysis.
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TABLE 1. PHYSICAL CHARACTERISTICS OF THE M2-F2 VEHICLE

Body -

Planform area, meters?2 (feetz)
Actual . . . . L L 14. 9 (160)
Reference, S. . . . . . . . . . L L e e e e e e e e e e 12.9 (139)
Longitudinal length, meters (feet):
Actual . . . . L e 6.76 (22.2)
Reference, T. . . . . . . . v i i it e e e e e e e e e e e e e e e e e 6. 11 (20.0)
Span, without rudder flare, meters (feet):
Actual . . . . L e e e e e e e e e e 4 (9.63)
Reference, b . . . . . . . . . e e e e e e e e e 1 (9. 54)
Aspect ratio, %—, basicwvehicle . . . . . . . . .. ... o 0. 655
Body leading-edge sweep, degrees. . . . . . . . . . . . ... e e e 77
Lower flap —
Area, meters2 (feetz) ....................................... 1.41 (15.23)
Span, meters (feet) . . . . . . . . ... 1. 65 (5.42)
Chord, meters (feet) . . . . . . . . . . . e e e e e e 0.86 (2.81)
Deflection, degrees:
Pilot's control authority, down. . . . . . . . . .. . . ... ... ... .. ... 5 to 30
Pitch stability-augmentation-system authority, . . . . . . ... .. ... ... ...... +5
Design hinge moment, newton-meters (inch-pounds). . . . . . . . ... . ... ... .. ... 7560 (67, 000)
Upper flaps, two —
Area, each, meters? (feet2) . . . . . . . i vt e e e e e e 0.89 (9.57)
Span, each, meters (feet). . . . . . . . . . . . . L e e e 1.31 (4.28)
Chord, meters (feet) . . . . . . . . . . . . e e e e e e e e e e e e 0.68 (2.23)
Deflection, degrees:
Pitch trim (symmetric travel), up. . . . . . . .. . . ... 0 to -35
Pilot's aileron authority (differential upper-flaptravel) . . .. ... ... .. ... ... +10
Roll stability-augmentation-system authority (differential upper-flap travel) , , , . . . . £5
Design hinge moment, each, newton-meters (inch-pounds) . . . . ... .. .. ... .. ... 3380 (30, 000)
Vertical stabilizers, two -
Area, each, meters2 (feetz) e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 1. 50 (16. 10)
Helght trallmg edge, meters (feet) . . . . . . . . . . . ... e 1.16 (3.79)
Chord, meters (feet):
Root. . . . .. e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 2.24 (7. 36)
TiD. . o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e 0.79 (2.58)
Leading-edge sweep, degrees . . . . . . . . . . . .t e e e e e e e e 62.3
Rudders, two —
Area, each, meters? (feet?) . . . . . . .. ... ... 0.49 (5.27)
Span, each, meters (feet). . . . . . . . . . . . ... e e 1.28 (4. 20)
Chord, meters (feet) . . .. ... .. e e e e e e e e e e e e e e e e e e e e e e e e 0.38 (1.25)
Deflection, each (outward), degrees:
Pilot's effective control authority . . . . . . . ... ... ... . ... ... .. ..... +11
Yaw stability-augmentation-system authority . , . . . . .. ... ..., .. ... ..... +4,2
Design hinge moment, each, newton-meters (inch-pounds) . . . . ... ... ... ...... 2595 (23, 000)
Weight, including pilot, kilograms (pounds) . . . . . . . . .. . .. .. . . ... .. .. ... 2750 (6054)
Center of gravity:
Percentage of actual length. . . . . . . .. . . . ... .. ... ... 49
Percentage of reference length. . . . . . . . . . ... ... ... ... ... . . . . .. 54
Planform-area loading, %, kilograms/meter? (pounds/foot?). . . . . . . . .. ... .. ... 196 (43. 2)
Moments of inertia —
Iy, kilogram-meter2 (slug-foot2) . . . . . . . . . ...t e e 1409 (1037)
I, kilogram-meter? (slug-foot?) . . ... .............. . ... . ... .. ... 9150 (6745)
IXZ’ kilog’ram—meter2 (slug—footz). e e e e e e e e e e e e e e e e e e e e e e e e e -813 (-598)
Inclination of the principal axis, deg . . . . . . . ¢ ¢ oL e e e e e -5.9
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TABLE 2. —-M2-F2 COCKPIT CONTROL AND CONTROL SURFACE CHARACTERISTICS

Surface Input Sugfaac/eserj e ilor‘f'ls‘azslz,trol Force gradient, Breakout,
p (ga) P om (n ) | N/em (b/in.) N (lb)
Lower flap | Pitch stick 25 biio. 7 (+5) 9.97 (5.7) +4. 45 (+1)
Upper flap | Lateral stick 30 by7. 62 (£3) 5.78 (3.3) +8. 00 (+1. 8)
Rudder Pedal 22 +7.62 (£3) 26. 3 (15) +17.78 (4)
ARates at 80 percent design hinge moment.
bMeasured at pilot's grip, 49.6 c¢m radius (19.5 in.).
TABLE 3. —RANGE OF THE RECORDED QUANTITIES

Longitudinal stick position, ¢m (in.) -

Forward . . . . . . . . . e 11.4 (4.5)

Aft L e 12.4 (4.9)
Lateral stick position, cm (in.) -

Right . . . . . . . 7.4(2.9)

Left . . . . e 6.9(2.7)
Rudder-pedal position, cm (in.) -

Right . . . . . . . e 7.4(2.9)

Left . . . . o 8.1(3.2)
Angle of attack, deg . . . . . .. . ... ... ~-10 to 30
Angle of sideslip, deg . . . . . . . .. .. .. . +10
Rolling velocity, deg/sec . . . . . . . . . . ... ... £60
Pitching velocity, deg/sec . . . . . . . . . ... . ... .. .. ... ... 140
Yawing velocity, deg/sec . . . . . . . . .. ... ... +40
Pitch attitude, deg -

Flights 1to 15 . . . . . . . . .« . o e e e e e e e -30 to 60

Flight 16 . . . . . .« . . . e e +60
Roll angle, deg . . . . . . . . . .« . . e e +90
Normal acceleration, g . . . . . . . . . . . ... -1to 3
Lateral acceleration, g . . . . . . . . . . . .. ... +1.0
Longitudinal acceleration, g . . . .. . . . .. . .. ... ... ... ... 2.0, 20.5
Upper-flap position, deg . . . . . . . . . . . . . ... . 10 to 45
Lower-flap position, deg . . . . . . . . .. ... ... ... 0 to 35
Interconnect ratio . . . . . . . . . . .. L. o e a0 to -1.0
Rudder position, deg 0 to 45

Ainear extrapolation possible.
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